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Highly  uniform  submonolayer  to  multilayer  thin  films  of  titanium  dioxide  supported  on  high  surface  area 
silica  gel  have  been  synthesized  by  atomic  layer  deposition  (ALD)  using  titanium  tetrachloride  (TiCU)  and 
titanium  isopropoxide  (TTIP)  as  metal  precursors.  The  deposition  rate  of  titania  films  from  TiCU  was  found 
to  be  stable  in  the  150—300  °C  temperature  range,  which  is  slightly  higher  than  that  from  TTIP  at  150  °C. 
UV— visible  diffuse  reflectance  spectroscopy  (DRS)  shows  that  the  coordination  geometry  of  Ti  cations  depends 
on  the  number  of  ALD  cycles  and  the  precursor  but  is  essentially  independent  of  deposition  temperature. 
Using  diffuse  reflectance  infrared  Fourier  transform  spectroscopy  (DRIFTS)  and  visible  Raman  spectroscopy 
with  pyridine  as  a  probe  molecule,  we  found  all  of  the  titania  Aims  studied  to  exhibit  Lewis  acidity  but  only 
films  containing  chloride  or  carbonyl  impurities  possessed  Brpnsted  acid  sites.  Additionally,  three  new 
pronounced  bands  in  the  Raman  spectra,  Veb  (638  cm“')>  V9a  (1200  cm“U>  and  V2  (3103  cm“U>  provide  strong 
spectroscopic  evidence  for  Brpnsted  acid  sites  on  the  surface. 


1.  Introduction 

Ti02/Si02-supported  oxides  have  attracted  considerable  at¬ 
tention  not  only  as  advanced  materials  and  catalytic  supports 
but  also  as  catalysts  themselves'  such  as  for  isomerization  of 
olefins,^  epoxidation  of  olefins  with  H202,^  dehydration,''^’  and 
selective  oxidation.* *  They  have  been  considered  as  substitutes 
for  pure  Ti02  because  of  their  improved  mechanical  strength, 
thermal  stability,  and  high  dispersion  of  Ti02.®^"  The  catalytic 
properties  of  dispersed  titania  species  have  been  found  to  be 
strongly  dependent  on  their  local  stnrctures.  Gao  et  al.'’  showed 
that  highly  dispersed  surface  titania  species  exhibit  completely 
different  catalytic  behavior  for  methanol  oxidation  compared 
to  bulk  titania;  redox  products  form  preferentially  on  the 
dispersed  titania  species,  while  dehydration  products  form 
primarily  on  bulk  titania.  Bonelli  et  al.'*  also  found  isolated 
TF^  cations  of  Ti02/Si02  catalysts  have  stronger  Lewis  acidity 
for  catalyzing  the  transesterification  of  refined  oil  with  methanol. 

Although  significant  progress  has  been  made  in  understanding 
the  physical  and  chemical  properties  of  silica-supported  titania, 
the  nature  of  their  acidity  is  still  debated  as  highlighted  by  Notari 
et  al.  in  2006.''*  Briefly,  their  work  provided  strong  evidence 
that  high  purity  Ti02/Si02-mixed  oxides  do  not  have  Brpnsted 
acid  sites,  which  is  in  conflict  with  previous  studies  in  the  1990s 
by  Tanabe,'^  Ko,'^  Liu,'’  and  Doolin.'*  This  discrepancy  with 
previous  results  was  very  likely  due  to,  in  some  instances,  the 
presence  of  acid-inducing  impurities  in  materials  used  in  earlier 
work  and  in  other  instances  to  the  methods  used  to  detect 
Brpnsted  acidity.  Very  recently,  the  opposite  conclusions  were 
also  obtained  for  Ti02/Si02-supported  oxides.  Bonelli  et  al.'* 
found  Brpnsted  acid  sites  on  Ti02/Si02-supported  oxides  with 


*  To  whom  correspondence  should  be  addressed.  E-mail:  pstair@ 
northwestern.edu. 

'  Northwestern  University. 
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high  Ti02  loading  (>8  wt  %)  by  means  of  Fourier  transform 
infrared  (FTIR)  measurements  of  CO  and  NH3  adsorption. 
However,  Gao  et  al.  reported  Ti02-grafted  silica  MCM-41 
catalysts  contain  only  Lewis  acid  sites  on  the  surface,  where 
the  grafted  Ti02  were  in  a  highly  dispersed  amorphous  form.'^ 
Atomic  layer  deposition  (ALD)  is  a  thin  film  growth 
technique,  which  relies  on  self-limiting  binary  reactions  between 
gaseous  precursor  molecules  and  a  substrate  to  deposit  films  in 
a  layer-by-layer  fashion.  The  deposited  amount  can  be  precisely 
controlled  simply  by  adjusting  the  number  of  deposition  cycles. 
Since  the  development  of  the  technique  in  the  late  1970s  by 
Suntola  el  al.,’°  ALD  has  been  widely  used  in  research 
laboratories  and  industry  to  grow  thin-film  electroluminescent 
devices,’'  high-k  dielectric  gate  materials,”  and  wear-resistant 
coatings.”  Considerable  research  has  been  undertaken  to  better 
understand  the  chemistry  and  extend  the  range  of  materials  that 
can  be  deposited.  Very  recently,  a  few  groups  have  expanded 
its  application  to  synthesize  catalytic  materials,’''^’®  and  the 
merits  of  the  method  for  the  synthesis  of  next  generation 
catalysts  have  been  discussed.”'’* 

Ti02  films  grown  by  ALD  are  one  of  the  most  explored 
systems  where  titanium  tetrachloride  (TiCU)  and  titanium 
isopropoxide  (TTIP)  are  widely  used  as  metal  precursors  and 
water  or  hydrogen  peroxide  are  used  as  oxygen  precursors. 
Considerable  work  has  been  performed  to  study  the  growth 
mechanism  on  flat  surfaces  using  a  quartz  crystal  microbalance 
(QCM)*’  and  in  situ  infrared  (IR)  spectroscopy.**  Only  a  few 
studies  have  been  performed  on  high  surface  area  powders. *''^*^ 
Using  TTIP  as  the  metal  precursor  followed  by  oxidation, 
Keranen  et  al.*^  reported  a  growth  rate  of  1  Ti  atom/nm’  per 
ALD  cycle  over  the  relatively  narrow  temperature  range  of 
110—180  °C,  while  titania  can  be  grown  over  a  much  wider 
temperature  range  from  80  to  600  °C  using  TiCL  as  the 
precursor.*" 
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In  the  current  study,  we  used  TiCC  and  TTIP  as  metal 
precursors  and  water  as  the  oxygen  precursor  to  synthesize  Ti02/ 
Si02  materials.  The  amount  of  ALD  Ti02  deposited  on  silica 
gel  was  determined  by  inductively  coupled  plasma  atomic 
emission  spectroscopy  (ICP-AES).  The  coordination  geometry 
of  Ti  cations  in  the  films  was  characterized  by  UV— visible 
diffuse  reflectance  spectroscopy  (UV— vis  DRS).  Furthermore, 
the  acidity  of  Ti02/Si02  catalysts  prepared  by  ALD  was 
investigated  by  combined  diffuse  reflectance  infrared  Fourier 
transform  spectroscopy  (DRIFTS)  and  visible  (488  nm)  Raman 
spectroscopy,  where  the  potential  for  probing  Brpnsted  acid  sites 
with  Raman  spectroscopy  was  explored. 

2.  Experimental  Section 

2.1.  Sample  Preparation.  Silicycle  S10040M  Si02  with  a 
surface  area  of  ~100  mVg,  a  primary  particle  size  of  75—200 
fim,  and  a  nominal  pore  diameter  of  30  nm  was  used  as  the 
support.  Ti02  ALD  was  performed  using  a  viscous  flow  reactor 
described  previously  The  high  surface  area  silica  gel  powder 
was  loaded  into  a  fixed  bed  powder  holder,  which  consists  of  a 
tray  constructed  from  304  stainless  steel  with  dimensions  of 
143  mm  x  29  mm  x  3.2  mm  and  a  mesh  stainless  steel  wire 
cloth  cover  (200  x  600,  per  linear  inch)  supported  by  a 
perforated  stainless  steel  plate.  The  fine  mesh  cover  prevents 
convective  gas  currents  from  disturbing  the  flat  powder  layer 
at  the  bottom  of  the  powder  tray,  while  allowing  efficient 
diffusion  of  reactant  and  product  gases  in  and  out  of  the  powder 
bed.  For  each  ALD  sample,  ~L0  g  of  silica  gel  was  homoge¬ 
neously  spread  into  the  powder  tray.^® 

The  Ti02  films  were  deposited  at  temperatures  of  150—300 
°C  using  alternating  exposure  to  titanium  tetrachloride  (TiCU, 
Sigma- Aldrich,  99%)  and  Millipore  water  with  a  dose  time  of 
50  s  and  a  purge  time  of  150  s,  where  the  TiCU  and  water 
reservoirs  were  both  kept  at  room  temperature.  The  dose  time 
necessary  to  achieve  saturation  coverage  was  determined  using 
direct  weight  gain  measurements  by  an  analytical  microbalance 
and  by  X-ray  fluorescence  (XRF).  When  the  titanium  isopro- 
poxide  (TTIP,  Sigma- Aldrich,  97%)  metal  precursor  was  used, 
the  TTIP  reservoir  was  heated  to  100  °C  to  achieve  sufficient 
vapor  pressure  and  reasonable  dose  times. The  inlet  lines  were 
also  heated  to  140  °C  to  prevent  TTIP  condensation  on  the  inner 
wall  of  the  inlet  lines.  The  Ti02  films  prepared  with  TTIP  were 
deposited  at  150  °C  with  a  TTIP  dose  time  of  60  s,  a  water 
dose  time  of  120  s,  and  a  purge  time  of  240  s.  For  both 
precursors,  ultrahigh  purity  (99.999%)  nitrogen  was  used  as  a 
carrier  gas  at  a  flow  rate  of  360  seem  and  a  pressure  of  ~L3 
Torr. 

The  amounts  of  ALD  Ti02  deposited  on  silica  gel  were 
determined  by  ICP-AES,  and  the  quantity  of  chlorine  impurities 
in  the  Ti02/Si02  prepared  from  TiCU  was  determined  by  XRF. 
The  surface  area  was  obtained  by  low-temperature  nitrogen 
adsorption  using  a  Micromeritics  ASAP  2010  apparatus,  and 
the  pore  diameter  was  determined  using  the  BJH  desorption 
method.^^ 

2.2.  UV— Vis  DRS  Measurements.  DR  spectra  were  re¬ 
corded  under  ambient  conditions  on  a  Varian  Cary  IE  UV— vis 
spectrophotometer  equipped  with  a  diffuse  reflectance  attach¬ 
ment  (Keck  facility  at  Northwestern  University),  using  MgO 
as  the  reference.  The  Ti02/Si02  samples  were  loaded  into  a 
powder  holder  with  a  UV  window  to  be  sure  that  the  sample 
thickness  was  greater  than  1  mm.  For  comparison,  commercial 
anatase  titania  was  also  measured.  The  edge  energy  (Eg)  for 
allowed  transitions  was  determined  by  finding  the  intercept  of 
the  straight  line  in  the  low  energy  rise  of  a  plot  of  [F(R^)*hv]^ 
against  the  photon  energy, 


2.3.  DRIFTS  Measurements.  All  DRIFTS  measurements 
were  performed  at  room  temperature  using  a  Thermo  Nicolet 
Nexus  870  instrument  with  an  MCT  detector  (KECKII  at 
Northwestern  University).  Each  spectrum  was  collected  using 
256  scans  with  a  resolution  of  4  cm“'.  Pyridine  (EMD 
Chemicals,  99.0%)  was  carried  to  the  sample  by  ultrahigh  purity 
(99.999%)  nitrogen  flowing  over  a  pyridine  reservoir.  Before 
pyridine  adsorption,  the  Ti02/Si02  samples  were  purged  for  30 
min.  After  saturation,  the  Ti02/Si02  samples  were  purged  for 
another  30  min  to  remove  weakly  bound,  physisorbed  pyridine. 

2.4.  Raman  Measurements.  The  Raman  spectra  of  100  mg 
Ti02/Si02  samples  in  a  fluidized  bed  reactor  at  atmosphere'*” 
were  collected  using  488  nm  excitation  at  room  temperature. 
Before  pyridine  adsorption,  the  Ti02/Si02  samples  were  purged 
with  helium  for  30  min,  and  then  100  ^L  pyridine  was  injected 
with  a  syringe  and  carried  by  helium  to  the  catalyst  bed.  After 
saturation,  the  Ti02/Si02  samples  were  purged  for  another  30 
min  to  remove  weakly  bound,  physisorbed  pyridine.  The  Raman 
shift  was  calibrated  with  cyclohexane  and  4-acetamidophenol 
standards. 

3.  Results 

3.1.  TiOi  ALD  on  Silica  Gel.  Table  1  shows  the  physical 
and  chemical  properties  of  as-prepared  Ti02/Si02  samples 
prepared  with  TiCU  at  different  temperatures  and  TTIP  at  150 
°C.  For  all  cases,  the  amount  of  titania  deposited  in  the  first 
cycle  was  higher  than  for  subsequent  cycles.  Between  1  and  10 
cycles,  the  surface  area  exhibited  only  minor  changes,  while 
the  average  pore  diameter  increased  after  the  first  deposition 
cycle  and  then  slightly  decreased  with  subsequent  cycles.  When 
TiCU  was  used  as  the  metal  precursor,  chlorine  impurities  were 
detectable  by  XRF  on  the  as-prepared  samples.  The  amount  of 
chlorine  increased  with  the  number  of  deposition  cycles  and 
with  decreasing  deposition  temperature.  For  example,  the  weight 
percentage  of  chlorine  impurities  was  about  0.48%,  0.9%,  and 
1.35%  after  4  cycles  of  Ti02  grown  at  300  °C  (4TS-300C),  4 
cycles  grown  at  150  °C  (4TS-150C),  and  10  cycles  grown  at 
150  °C  (10TS-150C),  respectively.  However,  chlorine  impurities 
could  be  completely  removed  from  the  surface  by  either 
calcination  in  air  at  500  °C  for  2  h  or  by  wet  nitrogen  purging 
for  24  h  in  the  chamber  at  the  deposition  temperature  (wet 
nitrogen  consists  of  ~2%  water  in  high  purity  nitrogen).'*'  After 
either  of  these  treatments,  the  amount  of  chlorine  was  below 
the  XRF  detection  limit. 

The  growth  rate  of  Ti02  averaged  over  the  first  10  cycles 
was  almost  constant  between  150  and  300  °C,  varying  from 
1.1  to  1.0  titanium  atoms/nm^  per  cycle  with  TiCU  as  the  metal 
precursor.  The  growth  rate  was  lower,  0.8  titanium  atoms/nm^ 
per  cycle,  for  the  TTIP  precursor  at  150  °C,  which  is  slightly 
lower  than  the  value  reported  by  Keranen  et  al.””  The  lower 
growth  rate  using  TTIP  compared  to  that  of  TiCU  is  attributed 
to  a  steric  effect  caused  by  the  difference  in  size  between  the 
ligands  of  the  two  precursors. 

3.2.  UV— Vis  DRS.  The  DR  spectra  from  a  series  of 
as-prepared  Ti02/Si02  samples  grown  at  150  °C  (jcTS-150C, 
where  x  is  the  number  of  cycles  (1,  4,  10,  and  20))  are  depicted 
in  Figure  1,  where  silica  gel  and  anatase  titania  were  also 
measured  for  comparison.  As  expected,  pure  silica  gel  has 
almost  no  absorption  to  200  nm.  1TS-150C  samples  showed  a 
broad  band  centered  at  approximately  250  nm,  indicating  the 
presence  of  isolated  tetrahedrally  coordinated  Ti  cations. 

With  an  increasing  number  of  cycles,  the  transition  band 
became  broader  and  increased  in  intensity,  which  signifies  the 
formation  of  Ti  cations  having  5-fold  and  6-fold  coordination 
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TABLE  1:  Physical  and  Chemical  Properties  of  As-Prepared  Ti02/Si02  ALD  Samples  from  the  TiCU  or  TTIP  Precursor 

ALD  samples 

titania  (wt  %) 

titanium 

(atoms/nm^) 

BET  surface 
area  (m^/g) 

pore 

diameter  (A) 

chlorine 
(wt  %,  XRF) 

Eg  (eV) 

silica  powder 

91.6 

301.5 

anatase  Ti02 

3.47 

1TS-TTIP-150C 

1.92 

1.58 

96.0 

312.6 

_ a 

4.16 

4TS-TTIP-150C 

4.86 

4.00 

100.8 

306.2 

- 

3.90 

7TS-TTIP-150C 

7.68 

6.32 

- 

- 

- 

3.83 

10TS-TTIP-150C 

9.98 

8.21 

101.8 

294.0 

- 

3.78 

1TS-150C 

2.34 

1.92 

90.9 

329.1 

0.53 

3.87 

4TS-150C 

6.31 

5.19 

93.8 

306.1 

0.90 

3.68 

7TS-150C 

10.31 

8.48 

- 

- 

- 

3.73 

10TS-150C 

13.48 

11.10 

92.8 

312.1 

1.35 

3.61 

20TS-150C 

24.31 

20.01 

- 

- 

1.72 

3.50 

1TS-200C 

1.75 

1.44 

94.7 

312.1 

- 

3.84 

4TS-200C 

6.07 

5.00 

94.0 

309.0 

0.80 

3.71 

7TS-200C 

9.49 

7.81 

- 

- 

- 

3.65 

10TS-200C 

12.85 

10.57 

94.1 

296.8 

- 

3.61 

1TS-250C 

2.30 

1.90 

93.4 

325.5 

- 

3.82 

4TS-250C 

5.89 

4.85 

94.7 

323.9 

0.65 

3.76 

7TS-250C 

9.49 

7.82 

- 

- 

- 

3.65 

10TS-250C 

12.88 

10.60 

95.5 

306.0 

- 

3.65 

1TS-300C 

2.20 

1.81 

94.8 

320.0 

- 

3.94 

4TS-300C 

5.57 

4.59 

103.7 

303.0 

0.48 

3.71 

7TS-300C 

8.92 

7.36 

- 

- 

- 

3.65 

10TS-300C 

12.43 

10.22 

89.7 

308.4 

- 

3.64 

“  Not  measured. 


Wavelength  (nm)  Wavelength  (nm) 


Figure  1.  UV— vis  DR  spectra  of  silica  powder,  anatase  Ti02,  and 
as-prepared  Ti02/Si02  ALD  samples  deposited  at  150  °C  from  TiCU 
under  ambient  conditions. 

numbers. Figure  2  compares  4-cycle  ALD  samples  from 
TiCU  and  TTIP  (4TS-TT1P-150C)  prepared  at  different  tem¬ 
peratures.  The  transition  band  intensity  from  the  4TS-TT1P- 
150C  sample  was  lower  than  the  4-cycle  samples  prepared  with 
TiCU  due  to  the  lower  growth  rate  with  this  precursor.  The 
observed  edge  energies,  Eg,  reported  in  Table  1  were  also 
generally  consistent  with  titania  loading.  The  4TS-150C  sample 
calcined  at  500  °C  showed  a  blue  shift  (Eg  =  3.87  eV),  which 
is  most  likely  due  to  partial  dehydration.'^ 

3.3.  DRIFTS.  Figure  3  shows  the  DRIFT  spectra  obtained 
from  pyridine  adsorption  on  the  as-prepared  r:TS-150C  samples 
from  TiCU-  Two  pronounced  peaks  at  1538  and  1637  cm“', 
whose  intensity  increased  with  the  number  of  titania  deposition 
cycles,  indicate  the  presence  of  Brpnsted  acid  sites  on  these 
Ti02/Si02  samples. In  the  OH  stretch  region,  one  sharp 
negative  peak  at  3745  cm“'  is  assigned  to  silanol  groups,  and 
a  less  pronounced,  broad  negative  peak  at  3680  cm“'  (denoted 
by  *)  is  assigned  to  Ti— OH  groups.  After  pyridine  adsorption, 
the  OH  stretch  shifted  to  2520  cm^'  for  the  Ti02/Si02  samples 
with  more  than  one  cycle  (~2780  cm^'  for  pure  silica  gel  and 


Figure  2.  UV— vis  DR  spectra  of  4-cycle  Ti02/Si02  ALD  samples 
under  ambient  conditions. 

~2570  cm“'  for  1TS-150C).  These  features  are  assigned  to  the 
interaction  of  isolated  silanols  and  Ti— OH  species  with  pyridine 
molecules  via  the  formation  of  hydrogen  bonds.  Obviously, 
more  acidic  hydroxyl  groups  were  present  on  the  as-prepared 
Ti02/Si02  samples  because  the  shift  was  significantly  stronger 
for  pyridine  on  as-prepared  jtTS-150C  samples  than  that  on  pure 
silica  gel.  The  silica  gel  surface  was  gradually  covered  by  Ti02 
with  increasing  numbers  of  deposition  cycles  as  indicated  by 
the  consumption  of  silanol  groups.  However,  the  silica  surface 
was  not  completely  covered  even  after  20  cycles  (~3.6  ML,  1 
ML  sa  5.5  Ti  atoms/nm^)'*''  because  isolated  silanol  groups  were 
still  perturbed  by  pyridine  as  evidenced  by  the  negative  peak 
at  3745  cm“'  in  the  DRIFT  spectra  (Figure  3a). 

Figure  4  shows  pyridine  adsorption  on  4-cycle  Ti02/Si02 
samples  prepared  with  TiCU  and  TTIP.  Again,  the  bands  at  1538 
and  1637  cm^'  assigned  to  a  pyridinium  ion  were  present  on 
all  of  the  as-prepared  4-cycle  samples  prepared  from  TiCU  at 
different  temperatures  (Figure  4a— d).  However,  these  bands 
diminished  to  the  noise  level  once  chlorine  was  removed  using 
a  wet  N2  purge  (Figure  4e)  or  calcination  in  air  at  500  °C  (Figure 
4f).  The  OH  stretching  band  observed  upon  adsorption  of 


Downloaded  by  NORTHWESTERN  UNIV  on  July  13,  2009 
Published  on  June  15,  2009  on  http://pubs.acs.org  I  doi:  10.1021/jp902200c 


Ti02/Si02  Catalysts  Prepared  by  ALD 


/.  Phys.  Chem.  C,  Vol.  113,  No.  28,  2009  12415 


Wavenumber  (cm''')  Wavenumber  (cm''') 


Figure  3.  DRIFT  spectra  of  pyridine  adsorption  on  silica  powder  and 
as-prepared  Ti02/Si02  ALD  samples  deposited  at  150  °C  from  TiCU: 
(a)  20TS-150C,  (b)  i6tS-150C,  (c)  4TS-150C,  (d)  1TS-150C,  and  (e) 
Si02. 


Wavenumbers  (cm'') 

Figure  4.  DRIFT  spectra  of  pyridine  adsorption  on  4-cycle  Ti02/Si02 
ALD  samples:  (a)  4TS-300C,  (b)  4TS-250C,  (c)  4TS-200C,  (d)  4TS- 
150C,  (e)  4TS-150C,  wet  Nj-purged,  (f)  4TS-150C,  calcined  in  air  at 
500  °C  for  2  h,  and  (g)  4TS-TTIP-150C,  calcined  at  500  °C  in  oxygen 
for  2  h. 


Figure  5.  DRIFT  spectra  of  pyridine  adsorption  on  10-cycle  Ti02/ 
Si02  ALD  samples:  (a)  10TS-150C,  (b)  10TS-TTIP-150C,  (c)  lOTS- 
150C,  wet  N2-purged,  and  (d)  10TS-TTIP-150C,  calcined  at  500  °C  in 
oxygen  for  2  h. 


Figure  6.  'Visible  Raman  spectra  of  pyridine  adsorption  on  4-cycle 
Ti02/Si02  ALD  samples  from  TiCU:  (a)  4TS-150C,  (b)  4TS-200C,  (c) 
4TS-150C,  wet  N2-purged,  and  (d)  4TS-150C,  calcined  in  air  at  500 
°C  for  2  h. 


pyridine  was  found  at  2700  cm^'  for  the  wet  N2-purged  sample 
and  2820  cm  '  for  the  calcined  sample,  close  to  the  OH 
frequency  of  2780  cm“'  on  pure  silica  gel.  The  4-cycle  Ti02/ 
Si02  sample  from  TTIP  (4TS-TTIP-150C),  calcined  for  two 
hours  at  500  °C  in  oxygen,  showed  the  same  features  as  the 
4-cycle  wet  N2-purged  and  calcined  samples  from  TiCU,  i-e., 
no  Brpnsted  acid  sites  were  present  on  the  surface. 

In  order  to  better  understand  the  dependence  of  acidity  on 
the  loading  of  titania,  pyridine  adsorption  on  different  10-cycle 
Ti02/Si02  samples  was  also  performed  and  is  shown  in  Figure 
5.  Pyridine  adsorption  on  the  10TS-150C  sample  after  wet  N2 
purging  did  not  show  bands  due  to  pyridinium  ions  at  1538 
and  1637  cm“'  (Figure  5c).  The  as-prepared  10TS-TTIP-150C 
sample  (Figure  5b)  showed  relatively  fewer  and  weaker  Br0n- 
sted  acid  sites  at  1530  and  1630  cm“'  compared  with  those  of 
the  as-prepared  10TS-150C  sample  from  TiCU  (Figure  5a). 
However,  the  as-prepared  Ti02/Si02  samples  from  TTIP 
contained  some  amount  of  carhonyl,  indicated  hy  the  negative 
peaks  between  2800  and  3000  cm“'  in  spectrum  b  of  Figure  5. 
Carbonyl  is  produced  by  incomplete  removal  of  isopropanol 
ligands  from  TTIP.  However,  the  hands  at  1538  and  1637  cm“' 
due  to  pyridinium  ions  disappeared  together  with  the  carbonyl 
bands  after  calcination  at  500  °C  in  oxygen  (Figure  5d).  These 
results  indicate  that  the  Brpnsted  acid  sites  on  all  of  Ti02/Si02 


samples  are  related  to  chlorine  or  carbonyl  impurities  and  not 
to  the  intrinsic  Ti— O— Si  interface. 

3.4.  Raman  Spectroscopy.  Compared  with  IR  spectro- 
scopy,'^’''^  '^^'^’'*^’^^  Raman  spectroscopy  has  rarely  been  applied 
to  study  the  acidity  of  catalysts  using  pyridine  as  a  probe 
molecule.'^^^'^^  Raman  spectroscopy  is  sensitive  to  adsorption 
on  Lewis  acid  sites  and  to  species  adsorbed  by  H-bond 
interactions,  but  bands  characteristic  of  adsorption  on  Brpnsted 
acid  sites  have  been  difficult  to  identify Sample  fluorescence 
is  also  often  a  problem.  To  the  best  of  our  knowledge,  Hendra 
was  the  first  to  apply  Raman  spectroscopy  in  studies  of  surface 
acidity  using  adsorbed  pyridine  on  oxide  surfaces."'^  '*®  Here,  we 
demonstrate  the  application  of  Raman  spectroscopy  to  further 
explore  the  Brpnsted  acid  sites  of  Ti02/Si02  samples  prepared 
with  ALD. 

As  shown  in  Figure  6,  in  the  range  of  Raman  shifts  where 
the  two  ring-breathing  modes  of  pyridine  appear  (990  to  1050 
cm^U,  all  of  the  4-cycle  samples  exhibited  two  very  similar 
peaks  at  1013  and  1042  cm“'  corresponding  to  Vi  and  V12  ring¬ 
breathing  modes,  respectively.  An  examination  of  the  spectra 
from  the  various  samples  indicates  that  these  modes  are 
relatively  insensitive  to  the  presence  of  Brpnsted  acid  sites'*^ 
compared  with  the  DRIFT  spectra  (Figure  4c— f).  This  is  due 
to  the  strong  overlap  between  the  ring-breathing  bands  from 
H-bonded  pyridine  species  (HPy)  and  pyridinium  ions  (BPy). 
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Figure  7.  Visible  Raman  spectra  of  pyridine  in  different  solutions: 
(a)  neat  pyridine,  (b)  aqueous  pyridine  (0.5  mol/L),  (c)  aqueous  pyridine 
(0.5  mol/L)  +  ZnCl2  (~1  ML),  and  (d)  aqueous  pyridine  (0.5  mol/L) 
+  HCl  (1  mol/L). 

However,  two  distinct  peaks  around  638  cm“'  and  1200  cm“’ 
together  with  a  broad  shoulder  at  ~3103  cm^'  in  the  C— H 
stretch  range  were  observed  on  the  as-prepared  4-cycle  samples 
prepared  with  TiCU  (Figure  6a,b)  where  Brpnsted  sites  were 
present  but  were  not  observed  on  the  wet  N2-purged  (Figure 
6c)  or  calcined  (Figure  6d)  4TS-150C  samples.  Therefore,  these 
vibrational  modes  can  be  used  to  provide  information  on  BPy. 

To  confirm  the  assignment  of  these  peaks,  the  spectra  of  neat 
pyridine,  aqueous  pyridine  (0.5  mol/L),  aqueous  pyridine  (0.5 
mol/L)  -h  HCl  (1  mol/L),  and  aqueous  pyridine  (0.5  mol/L)  -h 
ZnCh  complex  (1  mol/L)  were  measured.  The  results  are  shown 
in  Figure  7.  Aqueous  pyridine  has  peaks  at  3075,  1219,  1068, 
1034,  1003,  652,  and  616  cm^*.  They  are  assigned  to  the  bands 
of  H-bonded  pyridine  (HPy).  Pyridine  -h  HCl  shows  peaks  at 
3110,  1206,  1061,  1028,  1010,  639,  and  612  cm^',  which  are 
assigned  to  the  pyridinium  ions  and  correspond  to  the  bands  of 
species  adsorbed  on  the  Brpnsted  acid  sites  (BPy).  Pyridine  -1- 
ZnCh  shows  peaks  at  3083,  3074,  1224,  1046,  1020,  and  652 
cm“*,  corresponding  to  bands  of  species  adsorbed  on  Lewis  acid 
sites  (LPy).  Therefore,  the  two  extra  peaks  at  638  cm“'  and 
1200  cm^'  (V6b  and  C— H  bending  modes,  respectively)  found 
on  the  as-prepared  4-cycle  samples  prepared  with  TiCU  (Figure 
6a,b)  can  be  assigned  to  pyridinium  ions.'*^’^° 

4.  Discussion 

4.1.  Structure  of  Supported  Titania  ALD  Films.  An 

understanding  of  the  coordination  geometry  of  Ti  cations, 
especially  at  the  Ti— O— Si  interface,  is  of  importance  for 
establishing  the  relationships  between  structure,  acidity,  and 
catalytic  properties.  The  present  study  helps  to  clarify  whether 
Brpnsted  acid  sites  can  be  created  by  a  charge  imbalance  at  the 
Ti— O— Si  interface  as  proposed  by  Tanabe.'^ 

UV— vis  DR  spectra  are  usually  employed  to  provide 
information  about  the  coordination  geometry  of  Ti  cations  (first 
coordination  sphere)  and  changes  in  the  ligands  (second 
coordination  sphere).'  '^  For  amorphous  or  crystalline  Ti02/Si02- 
mixed  oxides  and  for  Ti02/Si02-supported  oxides  synthesized 
by  various  methods  such  as  incipient  wetness  impregnation, 
liquid  phase  grafting,  and  chemical  vapor  deposition  (CVD), 
the  absorption  band  always  shows  the  same  trend.  At  low  Ti 
concentration,  the  Ti  cations  are  4-fold  coordinated,  and  the 
coordination  number  increases  to  5-fold  and  6-fold  with 
increasing  Ti  loading. 


Ti02/Si02  ALD  samples  showed  the  same  trend  in  the 
UV— vis  DR  spectra  as  samples  prepared  by  other  methods.  In 
the  case  of  the  1TS-150C  sample,  the  broad  ligand  to  metal 
charge  transfer  (LMCT)  transition  band  centered  at  about  250 
nm  can  be  decomposed  into  at  least  three  peaks  around  223, 
241,  and  285  nm  (individual  curves  are  not  shown  here).  The 
transition  band  shoulder  around  223  nm  is  characteristic  of 
isolated  Ti  cations  in  symmetric  tetrahedral  sites. The  main 
band  at  ~241  nm  can  be  assigned  to  isolated  tetrahedrally 
coordinated  Ti  cations  in  low  symmetry  environments  such  as 
on  the  pore  surface  where  one  or  more  ligands  are  water  or  OH 
groups.^^  The  broad  shoulder  at  285  nm  is  assigned  to  partially 
condensed  Ti— O— Ti  species  such  as  5-fold  coordinated  Ti 
cations.^^  For  the  4TS-150C  sample,  the  transition  band  around 
285  nm  becomes  dominate  with  an  additional  weak  shoulder 
near  325  nm,  which  signifies  the  formation  of  6-fold  coordinated 
Ti  cations. With  further  deposition  of  Ti02  to  10  and  20 
ALD  cycles,  the  transition  band  near  325  nm  grows  quickly, 
consistent  with  the  predominant  formation  of  six-coordinate  Ti 
cations  at  higher  titania  loading. 

For  the  corresponding  band  gap  edge  energy,  Gao  et  al.'^ 
reported  that  surface  Ti  cations  in  a  1%  Ti02/Si02  (0.24  Ti 
atoms/nm^)  supported  oxide  are  predominately  isolated  Ti04 
units  with  an  edge  energy  at  4.66  eV,  whereas  at  approximately 
monolayer  coverage,  (~4  Ti  atoms/nm^)  two-dimensional, 
polymerized  TiOs  species  are  found  with  an  edge  energy  at  3.78 
eV.  The  titania  loading  and  edge  energy  of  Ti02/Si02  ALD 
samples  are  shown  in  Table  1.  The  1TS-150C  sample  (1.92  Ti 
atoms/nm^)  contains  predominately  four-coordinate  and  five- 
coordinate  Ti  cations  with  an  edge  energy  of  3.87  eV.  Ti  cations 
in  the  4TS-150C  sample  (5.19  Ti  atoms/nm^.  Eg  =  3.68  eV) 
are  assigned  as  six-coordinate  under  hydrated  conditions  or  five- 
coordinate  under  dehydrated  conditions.  The  10TS-150C  sample 
(11.1  Ti  atoms/nm^.  Eg  =  3.61  eV)  contains  mainly  six- 
coordinate  Ti  cations  under  dehydrated  conditions.  The  edge 
energy  of  the  titania  films  from  TiCU  is  essentially  independent 
of  deposition  temperature.  Additionally,  the  titania  films  from 
TTIP  show  higher  edge  energies  than  those  from  TiCU-  For 
example,  the  10TS-TTIP-150C  sample  with  a  density  of  8.21 
Ti  atoms/nm^  has  a  higher  edge  energy  of  3.78  eV  compared 
with  that  of  the  4TS-150C  sample,  which  only  contains  5.19 
Ti  atoms/nm^.  The  changes  in  observed  edge  energies  are  due 
not  only  to  differences  in  the  deposition  rate  but  also  to  changes 
in  the  precursor-related  growth  mechanism. 

4.2.  Acidity  of  Supported  Titania  ALD  Films.  The  acidity 
of  Ti02/Si02-mixed  oxides  and  Ti02/Si02-supported  oxides  has 
been  controversial  since  Tanabe’s  proposal  that  new  Brpnsted 
acid  sites  could  be  created  by  a  charge  imbalance  at  Ti— O— Si 
interfaces  in  the  Si02-rich  range.'^  The  acidity  of  uniform  Ti02/ 
Si02-supported  oxides  prepared  by  ALD  has  been  investigated 
by  DRIFTS  and  Raman  spectroscopy  in  the  current  study. 

Pyridine,  a  commonly  used  basic  probe  molecule,  was 
employed  to  study  acid  sites  on  the  surface.  The  surface  OH 
stretch  region  and  the  8a,  8b,  19a,  and  19b  vibrational  bands 
(following  Wilson’s  numbering)^^  of  adsorbed  pyridine  (point 
group  C2„,  vibrational  modes  are  derived  from  that  of  the  parent 
molecule  benzene'^^’'*^’^®)  were  examined.  The  8b  and  19b  modes 
are  most  commonly  used  in  IR  studies  to  evaluate  the  strength 
of  Lewis  acid  sites,  while  the  8a  and  19a  modes  have  been  used 
to  detect  Brpnsted  acid  sites. As  shown  in  Figures  3—5, 
all  of  the  as-prepared  Ti02/Si02  samples  from  TiCU  showed 
two  pronounced  peaks  at  1538  (19a  mode)  and  1637  cm“'  (8a 
mode)  and  an  OH  stretch  mode  red  shifted  by  ~1200  cm“', 
indicative  of  Brpnsted  acid  sites  on  these  samples.  The  samples 
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without  chlorine  impurities  did  not  show  these  two  pyridinium 
ion  peaks,  and  the  OH  stretch  mode  also  exhibited  a  smaller 
red  shift  of  ~1020  cm“',  close  to  the  red  shift  for  pyridine  on 
the  pure  silica  powders  (965  cm“').  Therefore,  the  Brpnsted 
acid  sites  observed  in  the  DRIFT  spectra  must  be  related  to 
chlorine  impurities.  This  conclusion  is  further  conhrmed  by 
pyridine  adsorption  on  the  calcined  4TS-TTIP-150C  (Figure  4g) 
and  10TS-TTIP-150C  samples  (Figure  5d). 

Raman  spectroscopy  using  pyridine  as  a  probe  molecule  has 
also  been  applied  to  study  the  acidity  of  oxides,  although  it  is 
less  common  than  the  IR  technique.  Previous  work  has  mainly 
focused  on  the  two  ring-breathing  modes  Vi  and  Vi2  near  1000 
cm“'  and  the  V2  CH  stretch  mode  near  3000  cm^'  because  they 
have  the  strongest  intensity.'*®’"'’’"'^  Hendra  et  al."'^  pointed  out 
that  the  Raman  shift  regions  of  the  Vi,  and  1^2  vibrational 
modes  are  996—1005,  1032—1040,  and  3064—3072  cm“'  for 
HPy;  1007-1015,  1025-1035,  and  3090-3105  cm^'  for  BPy; 
and  1018—1028,  1040—1050,  and  3072—  3087  cm^'  for  Lewis- 
coordinated  pyridine  (LPy).  The  frequency  shift  of  Vi,  the  totally 
symmetric  ring-breathing  mode,  away  from  991  cm^'  has  been 
correlated  with  the  strength  of  Lewis  acid  sites.  These  three 
vibrational  modes  have  been  used  to  detect  BPy,  but  the  bands 
are  strongly  overlapping  with  HPy  and  LPy,  complicating  the 
study  of  Brpnsted  acid  sites  on  the  surface  using  Raman 
spectroscopy.  Little  attention  has  been  paid  to  other  vibrational 
modes  such  as  v^h  and  ^92,  two  in-plane  C— H  bending  modes, 
for  the  study  of  acidity,  especially  Brpnsted  acid  sites.'*’ 

Solution  phase  Raman  spectra  of  pyridine  (Figure  7)  exhibit 
bands  throughout  the  500—3200  cm“*  range.  The  most  intense 
vibrational  modes  are  Vi,  V12,  and  V2.  The  Vi  and  vn  band 
positions  of  HPy  (1003  and  1034  cm^')  and  BPy  (1010  and 
1028  cm“')  are  rather  close,  demonstrating  the  difficulty  of 
distinguishing  these  species  in  adsorbed  pyridine.  In  the  case 
of  Ti02,  pyridine  bound  to  weak  Lewis  acid  sites  has  been 
reported  to  give  a  Vi  band  at  1016  cm^','*^  further  complicating 
the  separation  of  HPy,  LPy,  and  BPy.  However,  Ves  and 
two  in-plane  C— H  bending  modes,  have  much  less  overlap 
between  BPy  and  HPy  and  provide  an  additional  possibility  to 
distinguish  Brpnsted  acid  sites  on  the  surface  using  Raman 
spectroscopy.  Indeed,  two  distinct  peaks  at  638  and  1200  cm“*, 
observed  on  the  as-prepared  4-cycle  samples  prepared  with  TiCU 
(Figure  6a,b),  can  be  assigned  to  BPy  by  comparison  with  the 
Raman  spectrum  of  pyridine  in  HCl  solution  (Figure  7d),  which 
is  in  agreement  with  DRIFTS  measurements.  Both  spectroscopic 
measurements  provide  strong  evidence  that  Brpnsted  acid  sites 
present  on  the  as-prepared  Ti02/Si02  samples  are  caused  by 
chlorine  or  carbonyl  impurities  rather  than  by  the  intrinsic 
Ti— O— Si  interface. 

The  Ti02/Si02-supported  oxides  without  chlorine  or  carbonyl 
groups  did  not  show  any  Brpnsted  acid  sites,  even  though 
4-cycle  and  10-cycle  samples  contain  mainly  5-fold  and  6-fold 
coordinated  Ti  cations,  as  indicated  by  UV— vis  DRS.  The 
results  from  the  present  work  therefore  support  Notari’s  conclu¬ 
sions.  However,  it  should  be  noted  that  the  absence  of  Brpnsted 
acid  sites  on  Ti02/Si02-supported  oxides  may  be  associated  with 
the  coordination  number  of  oxygen  anions  that  are  bonded  to 
interfacial  Ti  cations.  According  to  Tanabe’s  hypothesis,  when 
the  oxygen  anions  bonded  to  Ti  cations  are  2-coordinate,  i.e., 
maintain  the  coordination  number  of  Si02,  then  Brpnsted  acid 
sites  should  be  formed.  If  the  oxygen  bonded  to  Ti  is 
3-coordinate,  the  charge  imbalance  at  the  interface  would  be 
significantly  reduced,  and  Brpnsted  acid  sites  would  not  be 
formed.'^  Whether  it  is  possible  to  manipulate  the  oxygen 


coordination  number  by  annealing  or  using  alternative  sources 
of  silica  remains  to  be  determined. 


5.  Conclusions 

ICP  measurements  show  that  the  deposition  rate  of  titania 
films  on  silica  gel  from  TiCU  is  stable  in  the  150—300  °C 
temperature  range  at  approximately  1.1  — 1.0  Ti  atoms/nm’  per 
cycle.  The  deposition  rate  from  TTIP  at  150  °C  is  slightly  lower, 
with  a  value  of  0.8  Ti  atoms/nm’  per  cycle.  UV— vis  DRS  shows 
that  the  coordination  geometry  of  Ti  cations  depends  on  the 
number  of  TiCU  ALD  cycles  and  is  essentially  independent  of 
deposition  temperature.  Comparatively  larger  differences  in  the 
structures  of  titania  films  are  observed  between  those  from  two 
different  precursors.  This  is  due  not  only  to  the  difference  in 
deposition  rate  but  also  to  changes  in  the  precursor-related 
growth  mechanism. 

All  of  the  Ti02/Si02  ALD  samples  studied  exhibit  Lewis 
acidity,  but  only  those  containing  either  chloride  or  carbonyl 
impurities  possess  Brpnsted  acid  sites.  In  the  Raman  spectra  of 
as-prepared  samples  from  TiCU,  three  new  pronounced  features 
at  638,  1200,  and  3103  cm“*  were  assigned  to  pyridinium  ions. 
These  results  provide  strong  evidence  that  these  three  bands, 
Veb  (638  cm“'),  Vg^  (1200  cm“'),  and  V2  (3103  cm“'),  provide 
an  additional  spectroscopic  signature  for  Brpnsted  acid  sites  on 
the  surface. 
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